Purpose This study was conducted to compare the efficacy and accuracy of intraoperative navigation (O-arm or Arcadis navigation) and preoperative CT-based navigation in adolescent idiopathic scoliosis (AIS) surgery. Methods Sixty-seven patients with scoliosis were grouped according to the method of navigation used in their fixation surgeries. A total of 492 pedicle screws were implanted in 27 patients using intraoperative navigation, and 626 screws were implanted in 40 patients using preoperative navigation. We analyzed the postoperative CT images for pedicle violations using the Gertzbein classification. Results There was no statistical difference in the accuracy of pedicle screw placement between two groups. However, in the apical region (the apex ± 2 vertebrae), the accuracy of safe pedicle screw placement (grades 0, 1) was significantly higher in the intraoperative navigation group than in the preoperative navigation group (94.8 vs 89.2%, respectively; P = 0.035). Intraoperative navigation significantly diminished medial perforation compared to preoperative navigation (P = 0.027), and the number of screws per vertebra that could be placed in the apical region was significantly higher in intraoperative navigation group (P \ 0.001). In addition, the time required for the registration procedure and insertion of one pedicle screw was 11.3 ± 2.1 min in the preoperative group, but significantly decreased to 5.1 ± 1.1 min in the intraoperative group (P \ 0.001).
Introduction
Suk et al. [1] first proposed using segmental pedicle screws for the treatment of adolescent idiopathic scoliosis (AIS). Pedicle screws are widely used because of the excellent fixation achieved within a shorter fusion length and their three-dimensional correction force [2] . Furthermore, compared to standard hook and wire instrumentation, pedicle screw instrumentation offers a significantly better curve correction in posterior fusion for idiopathic thoracic scoliosis [1, 3] . Accurate placement of pedicle screws in scoliosis patients is very important but difficult because of the rotation of the corpus vertebrae as well as the difference in the radii of the pedicles, deviation of the spinal cord, and thinning of the pedicles, all of which increase the potential risk of screw misplacement [4] . Pedicle violations from malpositioned screws can harm nearby vital structures. This risk has prompted surgeons to find a better strategy for screw placement.
There are various navigation systems aimed at improving the accuracy of screw placement and avoiding neurovascular complications from screw misplacement. Clinical studies demonstrated improved accuracy in pedicle screw insertion when using a preoperative CT-based navigation system. The major limitation of this technique is associated with variable patient positioning. There has been a technological evolution in the past year with the use of intraoperative navigation. With this method of navigation, surgeons can avoid the position-variation problem and improve the efficacy of screw placement. Few published reports in the literature compare these preoperative and intraoperative pedicle screw navigation systems for scoliosis surgery. We conducted the current study to assess and compare the efficacy and accuracy of intraoperative navigation (O-arm or Arcadis navigation) and preoperative CTbased navigation in AIS surgery and to analyze misplacement patterns of pedicle screws.
Materials and methods

Subjects
A retrospective study was conducted in patients with AIS who underwent surgical treatment at our hospital between January 2009 and June 2015. Inclusion criteria were (1) an AIS patient who underwent correction surgery, (2) single main thoracic or double thoracic curve patterns, and (3) an all pedicle screw-based posterior instrumentation. We excluded scoliosis patients who did not have AIS, who were surgically treated by an anterior approach or who had other curve patterns.
The study group included 27 patients who underwent intraoperative navigation-based insertion of 492 pedicle screws and 40 patients treated with preoperative navigationbased insertion of 626 pedicle screws. The mean ages at the time of operation were 16.1 years (range 12-24 years) and 16.2 years (range 13-25 years) for the intraoperative and preoperative groups, respectively. For each patient, we measured the number of pedicle screws, the number of pedicle screws per vertebra in the apical region (apex ± 2 vertebrae), and the coronal Cobb angle of the main thoracic curve using pre-and postoperative full-length standing radiographs and CT, respectively ( Table 1) .
The mean Cobb angles of the major curve were 60.4 ± 14.6 in the intraoperative navigation group and 59.5 ± 11.9 in the preoperative navigation group. The average numbers of pedicle screws were 18.2 ± 3.1 in the intraoperative group and 15.7 ± 2.9 in the preoperative group. The same spine team with at least 10 years of operative experience in spinal deformity surgery performed all surgeries.
Surgical procedures
All patients were positioned prone on the Jackson radiolucent spinal table (Mizuho OSI, Union City, CA, USA). There was intraoperative neurological monitoring of all patients during their posterior correction surgeries. In the preoperative navigation group, we primarily performed registration for the vertebra that we determined to be the most difficult for screw insertion during the preoperative evaluation. Screws were inserted into adjacent vertebrae above and below the registered vertebra when there was sufficient diameter for inserting the screw. In the intraoperative navigation group, after the intraoperative 3-dimensional (3D) scan, the intraoperative navigation-based pedicle screw insertion could be performed without the need of any registration. The position and screw trajectory appeared on the monitor as it was advanced. Once all screws were in place, we did not re-evaluate their positions with a second intraoperative 3D scan so as to reduce the extra radiation exposure.
The time from registration until complete insertion of one pedicle screw was measured in both groups. In the preoperative navigation group, the measurement time started from the point of registration set by touching the anatomic landmarks. In the intraoperative group, measurement time started when scanning of the vertebra began. Subsequently, we calculated the average time needed to insert one screw.
Accuracy assessment of the pedicle screws
Postoperative CT images (1.25-or 1-mm thickness) of the instrumented segments were used for analyzing pedicle breaches in both groups. We classified pedicle perforations as either medial or lateral according to the Gertzbein classification: grade 0, screws were completely within the pedicle (Fig. 1a) ; grade 1, perforation \2 mm (Fig. 1b) ; grade 2, perforation between 2 and 4 mm (Fig. 1c) ; and grade 3, perforation C4 mm (Fig. 1d) . In addition, we classified grades 0 and 1 as acceptable, while grades 2 and 3 were regarded as perforated.
Statistical analysis
Statistical verification was determined using SPSS for Windows (version 22.0; SPSS Inc., Chicago, IL, USA). We analyzed malposition rates and basic descriptive statistics using Chi-squared and Fisher exact tests and made comparisons between the groups using a Mann-Whitney U test. A P value \0.05 was statistically significant.
Results
The angles of the main curve before and after surgery were similar between the two groups. The Cobb angle was corrected from 60.4°to 15.8°(correction ratio 74.6%) in the intraoperative group and from 59.5°to 16.6°(correction ratio 72%) in the preoperative group. The difference between the two groups was not statically significant (P = 0.410). The two groups were similar before surgery with respect to apical vertebra rotation.
Statistical analysis showed that the number of screws per vertebrae of the apical region in the intraoperative group was 1.7 ± 0.3 per vertebra, which was statistically higher than 1.3 ± 0.4 in the preoperative group (P \ 0.001). Furthermore, the time from registration until complete insertion of one pedicle screw was 10.2 ± 3.1 min in the preoperative group, but it was significantly shortened to 5.6 ± 1.3 min in the intraoperative navigation group (P \ 0.001). In addition, there was no statistical difference between the use of the O-arm and the Arcadis navigation units in the demographic data of No. of pedicle screw in the apical region 7.8 ± 1.6 5.6 ± 1.6 \0.001
No. pedicle screws per vertebra 1.7 ± 0.3 1.3 ± 0.4 \0.001
* Statistically significant using Mann-Whitney U test, ** P \ 0.01, P \ 0.001 Accuracy rate of pedicle screw placement Figure 2 illustrates the assessment of pedicle screw insertion position after surgery. In the intraoperative navigation group, we deemed 474 (96.3%) of the 492 pedicle screw placements as safe (grades 0, 1), 16 (3.3%) as grade 2, and 2 (0.4%) as grade 3. In the preoperative navigation group, we regarded 591 (94.4%) of the 626 pedicle screw placements as safe, 30 (4.8%) as grade 2, and 5 (0.8%) as grade 3. There was no statistically significant difference between the two groups with respect to the accuracy rate of the pedicle screw placement ( Table 2 ). In the two groups, a total of 433 pedicle screws were implanted in the apical regions of patients' main curves.
The accuracy of pedicle screw placement (grades 0, 1) was significantly higher in the intraoperative navigation group than in the preoperative navigation group (199/210, 94.8% vs 199/223, 89.2%, respectively; P = 0.035) (Fig. 2) .
Distribution of the malpositioned pedicle screws
Overall, there was a significantly higher frequency of lateral perforation (36/1118, 3.2%) than medial perforation (17/1118, 1.5%). Furthermore, using intraoperative navigation significantly diminished the incidence of medial perforation (3/492, 0.6% vs 14/626, 2.2%, P = 0.027), while there was no significant difference between the two groups with respect to lateral perforation (15/492, 3.0% vs. 21/626, 3.4%) (intraoperative vs preoperative, respectively) ( Table 3) . We analyzed the pedicle channels for malpositioned pedicle screws using a modified classification originally described by Watanabe et al. [5] (Fig. 3) . Figure 4 shows our evaluation of the misplacement patterns of pedicle screws. The most common location of misplacement was around the apex vertebra (T7-9) of the curve. Moreover, some misplaced pedicle screws were in the proximal thoracic spine at the apex of the thoracic curve (T3-T4) whether it was a structural curve or nonstructural curve. This is because apex pedicles of both structural and nonstructural curves are smaller and more rotated. The direction of misplacement was commonly a medial breach on the convex side or a lateral breach on the concave side.
Misplacement patterns of pedicle screws
Complications
No intraoperative or postoperative neurovascular injury or adverse clinical consequences occurred as a result of pedicle perforation. Intraoperative neurological monitoring of all screws was normal, despite the 17 screws that breached the medial cortex.
Discussion
Pedicle screws have become an invaluable form of instrumentation that enhances spine stability in the surgical correction of AIS. Pedicle screws can be used for fixation of all three columns of the spine, and they provide a uniform burden distribution, which decreases the possibility of fixation failure [1, 6] . However, the mechanics of AIS increases the difficulty of inserting pedicle screws because of the deformity of the vertebral bodies, their relatively narrower pedicles, and the spinal cord shift to the concave side resulting in a limited epidural safe zone, especially at the apical region [6] [7] [8] [9] [10] . O'Brien et al. [8] reported that vertebral pedicles in patients with AIS have a windswept appearance in the apical region, precluding safe placement of pedicle screws. Liljenquist et al. [3] also confirmed that point. Moreover, clinical studies illustrated that the number of fixation points is important to the correction; more anchor points will achieve a better correction of the curve [11, 12] . During the past decade, various navigation systems have been applied in spinal surgery [13, 14] . The literature shows that preoperative CT navigation can achieve overall higher rates of accuracy in scoliosis patients [7, 15] , and the incidence of screw misplacement decreased to approximately 4-6% with the use of preoperative CT navigation [7, [14] [15] [16] . In our study, the perforation rate was 5.6% using a CT-based navigation system, because the major limitation of this technique is associated with the variable positioning of the patient. During the preoperative evaluation, we performed registration for the vertebra that we determined to be the most difficult for screw insertion. However, we also inserted screws into adjacent vertebrae above and below the registered vertebra during surgery when there was sufficient diameter for inserting the screws, which, in addition to the positional alterations, may have led to screw perforation. Since misplaced screws can cause severe neurovascular injury, intraoperative spinal 3D imaging systems have been developed, such as the Arcadis system (Siemens, Medical Solutions, Erlangen, Germany) and the O-arm (Medtronic Navigation, Louisville, CO, USA), which can improve the efficacy and accuracy of pedicle screw placement.
A study of computerized, isocentric, 3-D fluoroscopy reported accuracy improvements in screw positioning and a decrease of the misplaced screw rate to 1.7% [17] . In addition, an international, multicenter, prospective study by Kelft et al. reported a 97.5% accuracy rate of pedicle screw placement in the thoracic, lumbar, and sacral spine using O-arm navigation [18] . Some studies reported a 3.1% misplacement rate in scoliosis and a 5.2% pedicle reinsertion rate in congenital scoliosis [19, 20] . Furthermore, there is growing evidence on the safety and effectiveness of intraoperative navigation systems in specific fields, such as dysplastic pedicles of NF-1 scoliosis [21] . In this study, 84.3% of the screws in the intraoperative group were accurately placed in the pedicle with no pedicle encroachment, and 96.3% were graded as safe (grades 0, 1). It is possible that the disparity between the previous studies and the current study is due to our study's focus on the scoliotic spine in which vertebrae are morphologically deformed. In this study, 45% (24/53) of misplaced pedicle screws were in pedicle channels of less than 3 mm, which could be considered a planning error rather than a navigational error or technical error. Such planning errors may be another reason for a high perforation rate. Akazawa et al. reported that the perforation rate of pedicle screw placement in AIS was 31.5% for \1 mm pedicle channels and 12.5% for \2 mm pedicle channels [22] . Liu et al. reported that the perforation rate in AIS was 15.7% for \3 mm pedicle channels [23] . This high failure rate for thin pedicle channels indicates that surgeons should plan and avoid these thin pedicles for screw insertion [22] . Misplacement in pedicle channels[3 mm was attributed to technical error.
When considering technical error in the current study, the incidence of perforation was 3.4% (21/626) in the preoperative group, which was inferior to the 1.6% (8/492) of the intraoperative group. When comparing our two intraoperative navigation units (O-arm vs Arcadis), there was no statistical difference. Moreover, the pedicle screw accuracy rate on the apical region was higher in the intraoperative navigation group (94.8%, 199/210) than the preoperative navigation group (89.2%, 199/223) (P = 0.035), and the incidence of medial perforation was particularly high in the preoperative CT-based navigation group.
Instrumentation within the apical region is necessary to establish a well-balanced spine and to correct the deformity in the coronal and sagittal planes and achieve derotation in the axial plane [24, 25] . Suk et al.
[6] also observed less screw pullouts and pedicle fractures during rod derotation maneuvers when there was a higher implant density on the concave side, which brought an additional curve correction of 10% for the instrumented thoracic curve. In this study, the more pedicle screws implant did not result in greater Cobb angle correction ratios or a statistically significant difference in the Cobb angle correction ratios between the two groups.
As to the misplacement pattern of the pedicle screws, the apical vertebra was at about T7-9, and we experienced a higher perforation rate at the apical region compared to the overall perforation rate in this study. Since the apical region is the most rotated region in AIS, it is difficult to control the inclined angle when inserting pedicle screws without encroaching into the concave or convex sides. Moreover, some of the misplaced pedicle screws were in the apex of the superiorly adjacent curve (T3-T5) because of the smaller pedicles in apex vertebrae, whether the curves are structural or nonstructural. Parent et al. [26] measured the mean and standard deviations for each thoracic level in both scoliotic and normal specimens, and found that there is minimal pedicle width in the T3-5 region, especially in the T4 right pedicle.
Furthermore, both groups had medial breaches on the convex side and lateral breaches on the concave side. In AIS, the vertebral body is rotated toward the convex side with a shift of the spinal cord to the concave side, leaving a safe zone on the convex side. This might lead the surgeon, after making the screw hole, to overcompensate slightly and misdirect the screw during tapping in an attempt to prevent medial perforation and spinal cord injury but, thereby, increasing the chance of the less risky lateral perforation [27] . A lateral wall that is thinner than the medial wall on the concave side compared to the convex side [4] also helps to explain the frequent lateral breaching on the concave side.
In this study, there were no neural or vascular complications in patients from either group. Gertzbein and Robbins [28] found that even in patients with medial transgression of more than 4 mm at T8, only 2/6 had neurologic deficits and these resolved completely within 6 months. Moreover, in our study, the mean loss of correction was less than 1°at a 35-month follow-up (range from 6 to 76 months) in both groups.
Another major benefit of intraoperative navigation is the decreased pedicle insertion time. The time required for the registration procedure and insertion of one pedicle screw was 11.3 ± 2.1 min in the preoperative group, but only 5.1 ± 1.1 min in the intraoperative group, because the surgeon can avoid the time-consuming repetitive calibration for each vertebra.
This study had several limitations and drawbacks. The main limitation was that it was a nonrandomized study because of its retrospective nature. A prospective study comprising a larger subject population could fully establish the advantage of intraoperative navigation over preoperative navigation in pedicle screw fixation. Second, future studies should consider the ongoing equipment software updates and continually improving surgeon expertise in this field. Third, we did not have the data on radiation dose for both study groups, although a prospective clinical study [29] was in progress to determine the radiation dose of CTbased computer preoperative navigation and Iso-C Arcadis intraoperative navigation systems. The radiation dose in CT-based preoperative navigation is a median of 432 mGy and only 152 mGy with an Iso-C intraoperative navigation system. Zhang et al. [30] reported that the O-arm TM in 3D scan acquisition mode delivers approximately half the radiation dose of a 64-slice CT scanner. Because the initial data on the O-arm navigation were insufficient regarding its radiation exposure, we calculated the radiation dose for the last six patients in which we used the O-arm. The radiation dose of one intraoperative 3D scan was approximately 238 mGy (range 144-323 mGy). The radiation dose during intraoperative navigation is much better than what is incurred during preoperative CT navigation.
There are continual advances in technology and new inventions aimed at improving surgical technique. For example, template-guided pedicle screw placement has reached a 98% screw placement accuracy rate in cadaver models for the thoracolumbar spine and does not expose patients or medical personnel to intraoperative radiation exposure. With its use, there is the potential for eliminating intraoperative fluoroscopy [31] . Furthermore, the roboticassisted pedicle screw fixation technique has been reported to reduce screw misplacement [32] . These techniques might become alternative, intraoperative, radiation-free methods for pedicle screw placement in deformities.
There are few studies that compare the accuracy of pedicle screw placement in AIS patients between intraoperative and preoperative navigation techniques. Nevertheless, this study demonstrates that an intraoperative navigation system is accurate and efficient for pedicle screw placement in the apical region of AIS surgery.
Conclusions
Both preoperative CT-based and intraoperative navigation systems provide sufficient safety and accuracy in pedicle screw insertion for the treatment of AIS. Intraoperative navigation systems facilitate pedicle screw insertion in AIS patients improving efficiency and accuracy of pedicle screw placement in the apical region of the scoliotic spine compared to preoperative navigation.
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